We discuss our experience in achieving sub-nanosecond time resolution with neutrons about 100 MeV on a scintillation detector 15 x 15 x 100 cm viewed by a single phototube. Time compensation is accomplished by tilting the scintillator axis with respect to the neutron flight path as discussed in a previous paper.1 We also discuss the interplay between the time compensation from the geometry of light collection and the electronic technique for picking off the time signal.
Introduction
The design of neutron detectors generally involves making compromises between two opposing desires: On the one hand one wants to make the detectors large to increase counting efficiency, but on the other hand one wants to make detectors small to improve time resolution.
The relationship between size and counting efficiency is simple: To a first approximation the counting rate is proportional to the scintillator volume. The relationship between size and time resolution is, even to a first approximation, much more complicated. In fact, in a previous paperl it is shown that one can circumvent the simple notion that the spread in transit times ought to be proportional to some linear dimension of the scintillator.
The scheme is shown on fig. 1 taken from that paper. The axis of the scintillator is tilted so that the sum of the neutron and photon transit times is nearly independent of the position at which the scintillation occurs. Tests with 26 MeV neutrons on a scintillator 3.8 x 3.8 x 46 cm showed that good time compensation is possible, and sub-nanosecond resolution was realized.
We have now built larger detectors, 15 x 15 x 100 cm, and have used them for data taking in (p,n) reaction experiments at the Indiana University Cyclotron Facility. We report our experience with these larger detectors at neutron energies around 100 MeV in this paper.
Geometric Aspects of Time Compensation
As can be seen from fig. 1 , the time of arrival of a photon at the phototube from a scintillation occurring at coordinates x,y in the scintillator is t(x,y,S,G) = to + c nL xc n + ys (1) What we wish to achieve by time compensation is to make t nearly independent of x and y for a given neutron energy, i.e., a given value of S. We assume that the light is emitted isotropically. We also do not use a reflector outside the scintillator so that light emitted with e larger than the limiting angle for total reflection is lost. For an index of refraction n = 1.58, emax = 510. Thus, the time equation tells us that light from an instantaneous flash will arrive at the phototube over a period from tx,(y,S,e = 0) to t(x,y,a,e = 510).
The total amount of light that has reached the phototube by time t(x,y,S,0) is the amount of light emitted in the cone of half-angle 0. Examples of integral light curves are shown in fig. 2 . The effect of the tilt angle f is to displace the abscissa positions of these curves relative to each other. To first order, then, one would expect to achieve time compensation by choosing 4 so that the curves cross at some point appropriate for the triggering criterion of the electronic circuit used for timing.
In a real scintillator the light is not emitted instantaneously. Rather it follows a curve of exponential decay with a characteristic decay time, e.g., 2.4 ns for the NE102 scintillator that we used. In addition the recoil proton stopping time becomes nonnegligible above about 100 MeV. These effects cause the light curves to look like those in fig. 3 The timing signal is then
is a reasonable approximation of the leading edge of the pulse. Both A and T vary. The small angle approximation of this is (5) Combining (2), (3), and (5) fig. 4 .
We have used these detectors for obtaining neutron spectra from (p,n) reactions at the Indiana University Cyclotron Facility.
In most of the spectra the time resolution is approximately 1 ns, a portion of which is due to phase drifts of the cyclotron beam. The best resolution we have seen is about 0.8 ns FWHFM. It was necessary to compensate for the cyclotron phase drift effect to observe this resolution.
A convenient way to state the efficiency of this kind of detector is as a percent of the end-on cross sectional area. With the detector axis oriented parallel to the flight path, the efficiency is the fraction of the neutron flux crossing the end area that produces detector signals. When the detector is tilted, we still express the efficiency with respect to the end area. This number can in principle become greater than 100%, but since the probability of a neutron interacting as it traverses the short dimension is small, in practice the efficiency is less than 100%. Of course it depends on the energy threshold, the neutron energy and the tilt angle. It is usually necessary to set the threshold high, perhaps one quarter to one half of the maximum neutron energy because the flight time of neutrons at that fraction of the energy becomes greater than the separation of beam pulses, and the time spectra from adjacent bursts would overlap if the threshold were set lower. With typical constraints, the efficiency is of the order of 30%. 
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Retrospective Analysis of Performance A small portion of the experiment time was taken to study the effects of varying the tilt angle and the timing thresholds. We found that the best resolution occurred with a tilt angle smaller than that required to cancel the x dependence in eq. (1) for the axial light rays. For example, with 117 MeV neutrons the time spread cancellation for longitudinal position occurs for f = 430. The best compromise for minimizing longitudinal and transverse position effects is approximately f = 350, giving a total calculated time spread of about 0.7 ns. We obtained the best resolution, 0.8 ns, at p = 18°. It is difficult to get consistently reproducible results because the overall resolution is made up of roughly equal contributions from cyclotron phase drifts and detector effects. Nevertheless, the trend of finding the best resolution at tilt angles smaller than the angles calculated from geometry alone seems definite.
We tentatively attribute this to a slope dependence of the discriminator triggering time. At smaller tilt angles, the slower rising pulses are moved to an earlier time with respect to the fast rising pulses (see fig. 2 ). If the discriminator responds more rapidly to a faster rising pulse, then one can use the tilt angle to compensate for the discriminator characteristics and obtain better resolution than one would calculate for the same operating conditions using the simple arguments.
The best value of threshold ratio, L in eq. (3), seemed to be about L = 10. This suggests that the pulses are not simply parabolic as we assumed in the simplified analysis. The best L value might also be affected by the discriminator triggering characteristics.
We obtained additional information by setting up a 1 meter long scintillator with axis parallel to the flight path and a phototube at each end. The simultaneous time signals from the two ends were recorded in a two parameter array. The timing was done as described above with L = 10.
In this mode the back phototube gives a partly compensated time spectrum while the front tube gives a spectrum in which the position dependent time spreading is exaggerated. The time difference gives a measure of the position at which the scintillation occurred.
In these data the front-back time difference seen by the back phototube appears to be barely over 1 ns instead of the 2 ns calculated value. Unfortunately the data taking grid was too coarse to make a precise determination but this is consistent with our observation that the best resolution is obtained at smaller tilt angles than calculated from the simple model. One also sees the attenuation of neutrons by the scintillator. The number of events near the back is roughly 30% less than the number near the front.
Again the data were too crude to obtain a precise number. The method, however, is a valid technique for measuring the efficiency of the detector over the entire energy spectrum in one experiment. The front to back attenuation for any portion of the spectrum is the detector efficiency at that energy. With a phototube at each end and axis parallel to the flight path, the detector can be used to measure its own efficiency. It is also possible that sufficient position information could be obtained from the pulse rise time to measure the efficiency with only one phototube.
Comparison with Other Methods of Using Large Scintillators
We have stressed the technique of using a single phototube on a large scintillator. Other experimenters have previously achieved large scintillator volumes by 1) using many small scintillators,2 2) using a transverse scintillator with two phototubes and mean timing,3 and 3) using a longitudinal scintillator with two phototubes and a special timing technique.4
With respect to multiple small detectors, our results show that the individual detectors can be very large.
With respect to the other techniques one can make comparisons showing the advantages and drawbacks of using a scintillator in a transverse, parallel or tilted orientation relative to the flight path. The information in eq. (1) covers all these conditions. With a transverse scintillator one must use a phototube at each end and one compensates for the photon transit time spread by electronically taking the mean time. The rise times of the pulses seen by either tube vary according to the distance to the scintillation but a fast rising pulse at one end goes with a slow rising puilse at the other end and the effect tends to cancel out. The main drawback of a transverse scintillator is that it must be thin in the direction of the forward scattered proton recoils. At 100 MeV, for example, the proton range is 7.5 cm. A detector 7.5 cm thick already gives a time spread of .58 ns. One would really like to make the detector several ranges thick so that most of the protons deposit most of their energy.
If the detector axis is parallel to the flight path the thickness is used to best advantage with respect to the proton recoils. The time dispersion due to transverse thickness, the y term in eq. (1) 
Conclusions
We have shown that a tilted scintillator viewed by a single phototube gives good results as a timeof-flight neutron detector. Our results indicate that further optimization of this scheme might be possible. We propose for ourselves further experiments in which we would record in event mode the threshold crossing times for the three discriminators, the pulse amplitude and the time from a phototube at the front end of the scintillator. From this information we can hope to deduce the optimum timing function.
